Abstract: Winter cereals provide distinct advantages over spring cereals. This includes higher grain yields and limiting weed pressure, soil erosion, and exposure to diseases and insect pests, which are regularly serious threats to spring cereals. The agronomic system for winter cereals in western Canada is built around ensuring that the crop survives winter. Critical to this system is uniform plant stands reaching an optimum growth stage to maximize cold tolerance and no-till production systems that maintain insulating snow cover through the use of stubble from a previous crop. Breeding has led to significant increases in grain yield for both winter wheat and fall rye, however, no progress in cold tolerance improvement has been realized by winter cereal plant breeders over the same period. Progress in fall rye breeding has led to more recent varieties having reduced lodging and plant height and increased seed size and test weight. For winter wheat, the incorporation of robust disease resistance packages ensures adaptation across the prairies and also enables the potential to lengthen the growing season and increase yield. Looking forward, winter cereals provide the potential to take advantage of predicted western Canadian climate change scenarios and play a significant role in productivity increases through utilizing double or relay cropping practices, which are currently being developed. Continued improvement in winter cereal agronomic practices and the introduction of new varieties means that winter cereals will continue to play an important role in maximizing productivity and extending the growing season in western Canada.
Benefits of Winter Cereals
Compared with spring cereals, winter cereals provide an approach for extending the growing season. In western Canada, winter cereals are typically sown in the late summer or early fall and continue to actively grow, provided temperatures are above freezing, until mid-summer when they are harvested. This long period of growth means the crop uses growing degree days, sunlight, and moisture to provide significantly higher yields than their spring-seeded counterparts. Since 1976, winter wheat (Triticum aestivum L.) yields for the Prairie provinces (Manitoba, Saskatchewan, and Alberta) were approximately 18% higher than spring wheat (Statistics Canada 2017) . For rye (Secale cereale L.), the yield advantage for fall rye over spring rye in the Prairie provinces is approximately 27% for the period of 1923 -2004 (Statistics Canada 2017 . Despite this yield advantage, only 2% of the total wheat and rye acreage in the Prairie provinces were allocated to winter cereals (Statistics Canada 2017) .
Winter cereals provide a number of environmental benefits compared with spring cereals including plant growth timing coinciding with moisture availability, which leads to improved water use efficiency (Entz and Fowler 1991) . Historical and more recent research data provides evidence that winter cereals are more competitive against weeds in comparison with spring cereals (Abel 1939; Beres et al. 2010 ). Winter cereals have been shown to reduce soil erosion in the winter and spring months in comparison with unplanted fields (Delgado et al. 1999) . Furthermore, the agronomy package is built around no-till production systems, which means that all the environmental (Lafond et al. 2011 ) and economical (Awada et al. 2015) benefits of this system are associated with winter cereals. For farmers, having a mixture of winter cereals and spring-seeded crops spreads out seeding, herbicide and fungicide application timing, and harvest for their operation, which can reduce stress at critical times throughout the growing season.
In comparison with spring cereals, winter cereals avoid a number of diseases and pests due to early-season development. Winter cereals typically face reduced levels of Fusarium head blight, caused by the pathogen Fusarium graminearum Schwabe, based on suboptimal infection temperatures at heading (Kriss et al. 2010 ). This reduced pressure is an advantage of winter cereals over spring cereals and should be considered by producers wanting to include cereals in their rotation. Another example of pest avoidance in winter wheat is that early development of the crop means that it is not exposed to wheat midge [Sitodiplosis mosellana (Gehin) (Diptera: Cecidomyiidae)] infestations. In western Canada, this insect does not emerge from the soil until July (Lamb et al. 1999) . As wheat midge infestation occurs between heading and anthesis, winter wheat is able to avoid this major pest, which is responsible for economic losses due to reduced grain quality and yield (Dexter et al. 1987) .
Research into improvement of the winter cereal agronomic production systems and varieties available to producers has led to a system that provides many benefits to producers. This review will focus on western Canadian agronomic advances to date and overall trends in variety development. Several challenges faced by winter cereal crops will be highlighted and ideas for future opportunities will be laid out to ensure productivity of the entire agricultural production system is increased by using winter cereals to extend the growing season.
Winter Cereal Agronomy
Agronomy has played a pivotal role in establishing the winter cereal production system in western Canada and thereby extending the growing season. This portion of the review examining agronomic practices related to winter cereal production systems will cover only the critical points related to stand establishment and ensuring survival of the crop over winter. Most of the work to develop the system was completed using winter wheat but is generally transferable to all winter cereals.
Stubble
No-till production systems provide some of the best conditions to maximize winter cereal production. Direct-seeding winter cereals into stubble from previous crops provides a snow-trapping mechanism that improves the chances of winter survival and adequate crop moisture in the spring. The ability for stubble to trap snow can have dramatic insulating effects on winter cereal plants (Aase and Siddoway 1979; Black and Bauer 1990) . In an experiment evaluating the snow-trapping effects of four heights of spring wheat stubble (0, 5, 20 , and 36 cm) on winter survival of winter wheat, significant differences were noted between treatments, with taller stubble providing significantly higher plant counts in the spring, as well as limiting exposure to cold temperatures in terms of minimum temperature and length of exposure (Black and Bauer 1990) . The largest temperature difference observed between treatments was 13.8°C, with the 0 cm stubble reaching a minimum temperature of −18.2°C and the 36 cm treatment only reaching a minimum temperature of −4.4°C (Black and Bauer 1990) . To assess the snow-trapping potential (STP) of stubble from previous crops, an index was developed and is calculated as STP = (stubble height × number of stems per m 2 )/100 (Fowler 2002) . A rating of greater than 20 is considered to provide excellent snow-trapping ability. While canola stubble is typically preferred and shown to be associated with higher winter wheat yields (Irvine et al. 2013) , other crops can provide high STP. Barley silage stubble provides the potential for better STP and provides similar yields to canola stubble; however, leaf spotting disease ratings provided some evidence that a cereal-cereal rotation could lead to increased issues with diseases (Irvine et al. 2013) . While field pea stubble was suggested, its STP was lower than several other sources of stubble and it provided less snow cover on average compared with other stubble options like barley, wheat, canola or oat, indicating greater risk for winterkill (Irvine et al. 2013 ).
Seeding date
Seeding date plays an important role in ensuring that the winter cereal crop survives winter. There must be enough warmth left in the growing season to ensure the crop reaches the optimum growth stage where the crown is fully developed and able to acclimate to survive winter conditions. In the case of winter wheat, it has been demonstrated that the crop can be seeded too early and too late, meaning that optimum planting times do exist and should be considered (Fowler 1982; Campbell et al. 1991) . If winter wheat is seeded too early, large plants develop, leading to higher chances of winterkill (Fowler 1982) . This can also lead to exposure and to multiple pathogens and pests including rust (Puccinia sp.) , insects like aphids and wheat curl mite (Aceria tulipae Keif.) (Wiese 1987) , and viruses like barley yellow dwarf and wheat streak mosaic (Wiese 1987) . Furthermore, these early-seeded crops may have the potential to provide a green bridge from spring-seeded crops that could cause increased disease for all cereal crops the following year (Wiese 1987) . It is interesting to note that rye does not tend to show higher levels of winterkill when early-seeded (Fowler 1982) , which could be a function of high levels of pest resistance, although yield does tend to be reduced (Fowler 1983) . Seeding later than the appropriate seeding window reduces the winter survival of wheat and rye, indicating a limitation in acclimation based on the plant developmental stage (Fowler 1982; Lafond and Fowler 1989; Campbell et al. 1991; Jedel and Salmon 1994 ). An initial guideline for winter cereal stand establishment is that seeding must occur 4-6 wk before induction of fall cold acclimation temperatures. Initially, cold acclimation was thought to begin when soil temperatures at 5 cm depth reached approximately 10°C and 7°C in the afternoon and morning, respectively, or an average daily temperature of 8.5°C (Fowler 1982) . More recent efforts have defined cold tolerance induction temperature as the temperature at which a variety can acclimate to have 50% survival (LT 50 ) at −3°C based on artificial freeze testing. (Fowler 2008) . Based on cold tolerance induction temperature experiments, fall rye begins to induce cold acclimation pathways at 15°C-17°C, followed by winter wheat at 15°C, winter barley at 10.5°C, spring rye at 10°C, and spring wheat at 7.6°C (Fowler 2008; Campoli et al. 2009 ). Molecular evidence provides further explanation for this, as genes associated with the upregulation of cold tolerance like C-repeat binding factors (CBF) and cold regulated (COR) are upregulated at these induction temperatures (Campoli et al. 2009 ). Taking this evidence into account, winter cereals are typically seeded into conditions where cold tolerance induction likely occurs immediately. For example, at Lethbridge, Lacombe, and Beaverlodge, AB, the average dates at which the average air temperature reaches 15°C, the cold acclimation temperature for winter wheat and fall rye, are 4 Sept., 15 Aug., and 14 Aug., respectively (Wright 2017) . All of these dates are before the prescribed optimum seeding dates (Bootsma and Suzuki 1986 ) and crop insurance seeding date deadlines for each location (Anonymous 2017).
Growing degree days (GDDs), calculated as the average daily temperature minus the base temperature at which growth for the species or variety ceases, can be a useful method to estimate crop development (Rickman and Rasmussen 1985) . Empirical evidence from western Canada suggests that winter cereal plants should reach the three leaves, one tiller (Zadocks 21) growth stage to attain maximum cold tolerance for winter survival. Based on GDD studies in wheat, this equates to the accumulation of approximately 460 GDD (base 0°C) (range 350-570) from the time of seeding (Rickman and Rasmussen 1985) . Using Lethbridge, Lacombe, and Beaverlodge as an example, the seeding dates required to ensure the crop receives 460 GDD before the onset of winter, which is defined as the average date when the soil freezes, are 11 Sept., 31 Aug., and 28 Aug., respectively. In comparison, the recommendation by Fowler (1982) to seed 4 wk before average soil temperatures reach 8.5°C means that for Lethbridge, Lacombe, and Beaverlodge, the recommended seeding dates would be 11 Sept., 31 Aug., and 29 Aug., which is almost identical to the seeding dates required to acquire 460 GDD. Based on this information, seeding date recommendations to maximize winter survival at each location can be based on historical temperatures required to accumulate approximately 460 GDD, with the knowledge that while the plant is actively growing, cold acclimation is occurring from the date of planting to the onset of winter.
Seeding depth
In western Canada, limited rainfall is typically observed across the Prairies in the fall and seeding into stubble from a recently harvested crop can lead to a significant soil moisture deficit at the time of seeding. Furthermore, there is a limited timeframe to establish the crop to make sure that it will survive the winter. Seeding depth has been shown to play an important role in winter cereal crop establishment in western Canada. Indoor studies, backed with field research, show that in western Canada, seeding at a shallow depth has definite advantages over seeding deeply to meet moisture. Indoor experiments by Lafond and Fowler (1989) take into account soil temperature, soil moisture, seeding depth, average environmental temperatures based on seeding date, and rainfall events on winter wheat germination. From this set of experiments it was determined that relatively low soil water potential (−1.5 MPa) is required to germinate wheat seeds, although germination was reduced . When soil temperatures ranging from 5°C to 30°C are considered with seeding depth (13, 25, and 50 mm), the shallowseeded wheat was always the first to emerge, as expected. When fall growing conditions were simulated based on 30-yr average daily soil temperatures at Saskatoon, SK, shallow-seeded (19 mm) winter wheat plants were larger and had at least one tiller, which is associated with optimum development for maximum cold tolerance compared with deeply seeded (75 mm) winter wheat, which was delayed in development by approximately 0.5 leaves (Fowler 1982; Lafond and Fowler 1989) . Indoor freezing tests determined that deep seeding (75 mm) at a later planting date (21 Sept. at Saskatoon) decreased cold tolerance by 10% . Prolonged freezing tests at −15°C were also completed with the deep-seeded treatment (75 mm) leading to reduced survival compared with the more shallow treatments (19 and 38 mm) . When deep seeding (75 mm) and late planting (21 Sept.) were combined, seedling survival in the prolong freezing test was reduced to 45%-75% compared with 90% for the 19 and 38 mm treatments. Finally, rainfall simulation studies taking into account soil temperature and seeding depth showed that shallow planting always led to higher germination and emergence, especially at low simulated rainfall amounts (6 mm) and at high soil temperatures (30°C) .
From a field perspective, seeding depths have been explored in winter wheat (Loeppky et al. 1989; Lafond et al. 2005) . While not consistently observed in each growing environment, the general trend of shallow seeding at 10-25 mm is important for crop establishment and advancement to a sufficient stage to ensure good winter survival potential and ultimately higher yield potential. With shallow-seeding, the crown was established at a similar depth to seeding regardless of seeding date (Loeppky et al. 1989) . Deeper seeding, to 45 mm (Loeppky et al. 1989) or 60-90 mm (Huang and Taylor 1993) , led to increased length of the sub-crown internode, which determines the crown depth as it is the internode between the seed and seminal roots and the crown. Seeding in late August in western Canada meant that warmer temperatures led to an increased length of the subcrown internode, pushing the crown closer to the soil surface (Loeppky et al. 1989) . At a mid-September seeding date, the crown developed more deeply, approximately 40-50 mm below the soil surface, requiring the leaves to travel a greater distance before reaching sunlight (Loeppky et al. 1989) . It is possible that the delay in emergence and resources put into developing a longer subcrown internode and leaves are detrimental to plant development and, therefore, cold tolerance and winter survival. Evidence towards this shows that winter wheat deeply seed at 90 mm has a significantly lower number of seminal roots, reduced shoot and root dry weights, and a smaller leaf area (Huang and Taylor 1993) .
Seeding rate, seed treatments, and seed quality Seeding rate, from an agronomic management perspective, is not associated with increased cold tolerance of the crop. It has been shown that higher seeding rates, in the range of 325-450 seeds m −2 , are associated with acceptable plant stands after seedling attrition due to winterkill (Jedel and Salmon 1994; Lafond and Gan 1999) and can lead to increased grain yield. An additional benefit to increased seeding rate from 300 to 450 or 600 seeds m −2 includes increased weed competition (Beres et al. 2010) , although yield decreased at the highest seeding rate, indicating that 450 seeds m −2 might be optimal (Beres et al. 2010) . There is some indication that seed treatments can be used to improve stand establishment and winter survival. A multifactorial examination of seeding rates, seed size, and seed treatment found that a seed treatment that included tebuconzole, metalaxyl, and imidacloprid (Raxil MD with Stress Shield, Bayer CropScience Inc. Canada, Mississauga, ON) significantly increased both fall and spring plant stand counts as well as yield in the low seeding rate (200 seeds m −2 ) treatment . Artificial freezing tests comparing 11 treated and untreated spring wheat varieties indicated that there may be small (3%) improvements in cold tolerance associated with seed treatments (Larsen and Falk 2013) , which might explain these results. However, when individual components of the seed treatment used by Beres et al. (2016) were examined for their effects on the production system, no significant differences in fall or spring stand counts or winter survival were observed . Seed size as a proxy for plant vigour (Lafond and Baker 1986) was also examined and showed that there were significant differences in fall and spring plant stands between small (40.7 g 1000 −1 ) and large (48.3 g 1000 −1 ) seed sizes, meaning that high quality seed is important when establishing winter wheat and likely winter cereals ).
Fall fertilization
Fall fertilization plays an important role in winter cereal stand establishment and winter survival. In production agriculture, nitrogen fertilization using granular products (Urea or ammonium nitrate) can occur in several ways, including direct incorporation with seed, as a side band-placed mid-row or broadcast at various times during the crop growth. While most of these placement methods do not impact stand establishment and winter survival, seed-placed levels of nitrogen as high as 34 kg ha −1 have been shown to have negative effects on winter survival and cold tolerance (Freyman and Kaldy 1979; Grant et al. 1984; Fowler and Brydon 1991) . Reasons for this are likely two-fold. The first is that nitrogen placed with seed can cause toxicity through NH 3 volatilization, leading to lower levels of germination (Bremner 1995) . The second is that seeds that do germinate produce plants that have lush growth with photosynthate allocated to leaves and not the crown, which is critical for regrowth in the spring (Freyman and Kaldy 1979) . With polymer-coated urea and urease inhibitors, as well as the ability to side band or band nitrogen at seeding, risks to stand establishment due to excess nitrogen is now less of a concern (McKenzie et al. 2007) . Phosphorus levels play an interesting role in winter survival. Controlled-environment tests show variable results when differing phosphorus levels are explored using LT 50 response. Some tests indicate that increasing phosphorus from 0 to 45 kg ha −1 increases cold tolerance (Freyman and Kaldy 1979) , while other experiments indicate that increasing levels of phosphorus from 0 to 44.4 kg ha −1 can have no effect or negatively affect cold tolerance . Similarly, field testing has indicated that seed-placed phosphorus at 8.7 and 21 kg ha −1 can increase winter survival (Grant et al. 1984 ). It has also been shown that varying levels of phosphorus can have little effect on cold tolerance . A negative effect on late-season cold tolerance was observed in Norstar winter wheat sampled in March at phosphorus levels of 56 and 84 kg ha −1 across all nitrogen levels (Gusta et al. 1999) . Ultimately, phosphorus likely plays a role in spring recovery, as it has been shown that moderate levels of phosphorus (15-56 kg ha −1 ) in combination with several nitrogen (44, 88, and 132 kg ha −1 ) levels led to an increase in shoot length, root number, root length, as well as fresh and dry weight of the plants (Gusta et al. 1999) . Interactions between nitrogen and phosphorus fertilization levels are also important to consider for stand establishment and winter survival. Indoor cold tolerance and field-based experiments have shown a significant interaction between nitrogen and phosphorus levels (Freyman and Kaldy 1979; Grant et al. 1984; Gusta et al. 1999) , with increased levels of phosphorus having a positive effect on cold tolerance and winter survival when nitrogen levels were increased compared with low phosphorus treatments.
Winter Cereal Variety Development
Breeding efforts in winter wheat and fall rye have led to the improvement of multiple traits to maintain and improve western Canadian winter cereal productivity, enabling extension of the growing season. To analyse trends in variety improvement of winter cereals over time, data from the Alberta (http://seed.ab.ca/ variety-trials/) and Saskatchewan (http://saskseed.ca/ seed-guides/) seed guides, a cultivar description (McLeod et al. 1981) , and crop models (Fowler and Greer 2017) were used to complete regression analysis using the PROC REG function in SAS version 9.3 (SAS Institute Inc., Cary, NC). The regression was determined to be significant at a type I error rate of 0.05. The data from seed guides is unbalanced, meaning that not all varieties are tested at the same time across all years and yield trial test sites. However, data is obtained from multi-location, replicated yield trials with standardized checks over a period of 4 yr or more, facilitating standardized comparisons.
For winter wheat, yield data relative to the variety CDC Osprey was used to examine yield trends in varieties released from 1977-2015. Based on regression analysis, breeding efforts have led to a significant 0.40% year −1 increase in grain yield (Fig. 1a) . For fall rye varieties, yield data relative to the variety Hazlet indicates that for varieties released from 1964 to 2016, yield has improved significantly at a rate of 1.11% yr −1 (Fig. 1b) . While Canadian investment in fall rye breeding lags behind winter wheat, the introduction of German hybrid rye varieties with very high yield potential has led to a recent increase in the rate of improvement for that crop. For both wheat and rye, no significant trend was noted for improvement of cold tolerance (Figs. 2a and 2b) . However, for both crops, the trend towards decreasing variety cold tolerance potential is observed. This is a serious concern to producers and should remain a focus of breeding programs in western Canada. With canola variety maturity becoming later to maximize yield (Fowler 2012) , utilization of canola stubble for winter cereal planting is a challenge. Alternative crop stubbles like field pea are being utilized, which do not provide the snow-trapping potential for winter protection (Irvine et al. 2013 ). This means efforts to maintain or increase cold tolerance in winter cereal varieties must be expanded to change this trend. Lodging, which is defined as the displacement of culms from an upright position (Navabi et al. 2006) , can be a serious concern for producers due to reduced grain yield (Navabi et al. 2006) . The fact that lodging is strongly correlated with plant height means that to address this issue, a reduction in plant height is warranted. In fall rye, the improvement in plant height and lodging has been significant. Between 1964 and 2015, a significant trend towards reducing the height of fall rye varieties at a rate of 0.45 cm yr −1 has been observed (Fig. 3a) . This can be directly related to the introduction of dwarfing genes from Europe (McLeod and Payne 1996) and hybrid rye entering the market that has undergone recurrent selection for reduced height. As a result of shorter plant heights, a significant trend towards reduced lodging has been observed as well (Fig. 3b) . For fall rye, significant improvements in test weight and thousand kernel weight have been observed. Test weight has increased approximately 0.05 kg hL −1 yr −1 (Fig. 4a ) and thousand kernel weight has increased 0.14 g yr −1 (Fig. 4b) . Thousand kernel weight improvements in rye are not surprising based on the fact that seed size is a yield component and relative grain yield has increased significantly over time (Fig. 1b) . In the case of hybrid rye, heterosis in rye is often expressed through 
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increased seed size (Geiger and Miedaner 1999) and is likely a contributing factor towards this trend in fall rye.
In the case of Canada Western Red Spring wheat, the challenge in pushing productivity is associated with the negative correlations among yield, maturity, and increasing protein (DePauw et al. 2007 ). For winter wheat, the challenge may be tied to simultaneously increasing yield, maintaining cold tolerance, and increasing protein. While maturity is not an issue due to harvest typically occurring in mid-summer, maintaining cold tolerance potentially limits higher yielding germplasm from being utilized. An interesting aspect to consider with extra growing season available is extending the growing season to increase the grain fill period and therefore grain weight and yield (Wiegand and Cuellar 1981) . The variety AAC Wildfire (Graf et al. 2016 ) may be an example of this, as it is had a yield index 6% higher than the next closest variety and a maturity 2 d later than the latest variety in the cooperative registration trials. However, there may be challenges associated with extending the length of the growing season in winter wheat, including increased disease pressure. Significant improvements in leaf rust, stem rust, stripe rust, and leaf spot resistance in western Canadian winter wheat have been observed (Figs. 5a, 5b, 5c , and 5d), meaning that the germplasm base appears to be available to facilitate extending the growing season and potentially increasing yield in winter wheat.
Future Look
Extending the growing season: climate change and potential expansion of winter cereal acres
Climate models indicate that the growing season is lengthening due to man-made climate change (IPCC 2013) . Temperature trends show an overall significant increase in minimum, maximum, and mean temperatures, especially in the winter, spring, and summer months (Skinner and Gullett 1993; Cutforth and Judiesch 2012; Kienzle 2017). Increasing temperature trends can be seen as both beneficial and problematic for winter cereals. Increasing temperature trends, especially daily minimum temperatures, indicates that winter cereals will be exposed to severe killing temperatures less often (Kienzle 2017) . When temperature trends and first fall frost and last spring frost are considered, some of the most dramatic impacts due to climate change occur at more northern latitudes, like the Peace region of northern Alberta and British Columbia (Cutforth et al. 2004) , meaning increased opportunities to seed winter cereals and extend the growing season in these areas. With climate change extending the growing season in this area, it might mean that winter cereal planting using canola as a stubble source could be possible. However, alternative stubble crops like barley and pea studied by Irvine et al. (2013) are still more likely to provide a timelier window for planting winter cereals than canola.
The change in weather patterns also includes changes in precipitation trends. For winter cereals, the shift from snow to rain events in early spring and an overall trend for earlier snow melt could leave winter cereals without an insulating blanket of snow, exposed to freezing temperatures during the spring period where they are most susceptible to winter injury (Cutforth et al. 1999; Fowler 2002) . However, the trend towards earlier springs with increased spring moisture more likely means that the growth pattern of winter cereals is perfectly positioned to take advantage of these conditions. There are indications that North American prairie grasslands stand to benefit from this change in climate, mostly due to warmer and wetter springs and lengthening of the growing season (Hufkens et al. 2016) . Due to the similarity in fall and spring growth patterns of prairie grasslands and winter cereals, it might be possible to extend the conclusions of Hufkens et al. (2016) to winter cereals, meaning potential increased productivity benefits due to climate change are expected for winter cereals in the North American Prairie region. Fig. 4 . Graph of (A) test weight and (B) thousand kernel weight (TKW) relative to the year of release for fall rye cultivars released from 1964 to 2016. Test weight and TKW for fall rye varieties was obtained from 2011 to 2017 Alberta and Saskatchewan seed guides and the fall rye variety description for Musketeer (McLeod et al. 1981) .
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Extending the growing season: winter cereals as a vehicle to facilitate full-season cropping systems in western Canada Double-cropping with winter cereals is one option for producers, especially in a high density livestock area, to extend the growing season. In the context of this paper, double-cropping involves a winter cereal (likely triticale or rye) and a cool-(barley or wheat) or warm-season crop (silage corn) to produce a biomass crop and then a biomass or grain yield harvest. With the trend towards a lengthening growing season due to climate change, the probability of this production system being realized in western Canada is considerable. Double-cropping research from eastern North America indicates that combining a winter cereal, like rye, and corn, both harvested as silage in a double crop, led to an increase in yield of the entire system by 34% and 38% over single-crop corn harvested as silage or alfalfa, respectively (Fouli et al. 2012) . Furthermore, no negative effects were noted on the soil water balance (Fouli et al. 2012) . Research examining phosphorus removal indicated that in a triticalecorn double crop, biomass yields were higher than the single corn crop and showed an increased rate of phosphorus removal (Brown 2006) , indicating not only productivity benefits, but environmental benefits of reduced phosphorus runoff from double-cropping and extending the growing season. It should be pointed out that there is some indication that to facilitate doublecropping systems, the right varieties must be used for both crops in the system, with an emphasis on earlier productivity and harvest of the winter cereal (Goff et al. 2010) . Another aspect that is being considered, but requires more research from a western Canadian perspective, is the value to the entire production system of maintaining winter cereals in crop rotations, as well as the potential of winter cereals to be interseeded with a legume as a relay crop or cover crop to extend the growing season and provide benefits to subsequent crops. Long-term rotational studies in Ontario have shown significant benefits of including winter wheat in a short rotation with soybeans and corn (Gaudin et al. 2015) . Yield increases for corn ranged from 17% to 21% depending on whether conventional or zone tillage was used. When red clover is included, further benefits in terms of nitrogen use efficiency in the subsequent corn crop were observed (Gaudin et al. 2015) . From a western Canada perspective, perennial legumes, red clover, and alfalfa, when seeded with winter cereals in the fall, were shown to have no negative effects on winter wheat or fall rye grain yields (Thiessen Martens et al. 2001; Blackshaw et al. 2010 ). In the study by Blackshaw et al. (2010) , 
A B D C
the fall-planted alfalfa treatment provided increased levels of nitrogen to the subsequent canola crop, as indicated by a significant yield response relative to the unfertilized no cover crop treatment . Further research in these areas could pay dividends to the entire agriculture production system and winter cereals are the vehicle to facilitate these benefits that come from extending the growing season.
Extending the growing season: expansion of winter cereals limited by available markets
In western Canada, the seeded acres of winter cereals year-to-year is considerably variable (Statistics Canada 2017) . Some of this is associated with fall weather conditions at the time of seeding; however, a major hurdle, which lies outside the scope of this paper, is the grain marketing aspects of the crop. Canada is renowned for producing high quality hard red spring wheat and spring amber durum. Accompanied with these classes are medium quality spring wheat market classes composed of Canada Prairie Spring Red (CPSR), Canada Northern Hard Red (CNHR), and Canada Western Red Winter (CWRW). Consistent comments about CWRW are that as a class it meets milling quality standards but is limited in supply, leading to large milling companies not being able to obtain enough grain to meet their requirements (Arnason 2017) . One potential option for greater adoption of winter wheat, and thereby extending the growing season in an environment where spring seeding is the predominant practice, is to compare the quality of winter wheat with medium quality spring wheat cultivars and determine if the quality parameters are equivalent. Should this be the case, one option could be to combine winter wheat with one or more of these classes, which would then lead to sufficient supply and potentially drive marketability of the crop.
In the case of rye, limited food grain markets are available and currently there are perceived negative attributes associated with rye as a livestock feed grain. In North America, the perception is that rye does not make a high quality feed grain despite evidence that it can form a significant portion of hog (Thacker et al. 2002) and dairy (Sharma et al. 1981) rations. The productivity of hybrid rye combined with satisfactory livestock feed quality makes rye economically viable as a feedstock. In Canada, the high productivity of hybrid rye and potentially lower deoxynivalenol (DON) concentrations associated with Fusarium head blight resistance (Miedaner et al. 2001) , combined with distribution of rye feed ration information, could increase the use of fall rye in livestock feed rations. This would improve demand and marketability of the crop.
A strong agronomic system and excellent varieties are available for Canadian producers with research capacity available that continues to work towards improving the productivity of the winter cereal system. Potential areas that could be targeted for system improvement include the incorporation of legumes into winter cereal production systems to build benefits to the entire production system. From a breeding perspective, efforts must continue on maintaining or improving cold tolerance while continuing the goals of increasing yield, standability, protein levels in winter wheat, and disease resistance. Expanding breeding efforts to include the development of early flowering or maturing winter cereal varieties that can facilitate extending the growing season through double or relay cropping could assist with increasing productivity of the entire agriculture production system. Ultimately, for the full benefits of winter cereals to be realized by producers, further work on building the marketability of each crop must occur, which will build a consistent supply to satisfy the marketplace.
